Stereoscopic video endoscopic systems are widely used for the control of hard-toreach objects at the stages of production, assembly and testing of various devices. Using a stereoscopic endoscope as a measuring tool requires its geometrical calibration. The effectiveness of such systems is largely determined by the quality of an image, based on modulation transfer function (MTF) of the optical system. In this paper, we describe and test an algorithm for automatic calculating the MTF for images of a plane test object with chessboard pattern. Experimental data was obtained using two self-developed prism-based endoscopic stereoscopic systems. Coincidence of computer simulation results and results of applying the proposed algorithm shows its effectiveness for estimating the image quality provided by stereoscopic endoscopic systems.
Introduction
Currently, stereoscopic video endoscopic systems are a key tool for non-destructive testing of hard-toreach elements in complex technical systems, such as aircraft engines, steam generators, etc. Due to small diameter of the endoscopic probe, stereo images in such devices are usually formed by the prism, which creates two images of the inspected surface on the camera sensor [1] .
To use a stereoscopic endoscope as a measuring tool, it is necessary to calibrate it as a stereo system [2] . Known methods require a plane test object with chessboard pattern, located in several positions inside the working volume of the system [3, 4] . Additionally, it is necessary to estimate the quality of the image obtained by the system, because it affects the accuracy of 3D surface reconstruction. The image quality depends on the noise generated by the sensor and the electronic circuits as well as on the distortions introduced by an optical system. According to the standard [5] , the slanted-edge method of MTF measurement is used to estimate the performance of the optical system.
We propose to use the same plane test object with chessboard pattern to perform calibration and assess image quality for the stereo endoscope. Such an object contains both areas of inclined boundaries required for measuring the MTF and areas of constant intensity suitable for estimating noise parameters. It will significantly reduce the required time and cost of auxiliary equipment, because estimations of MTF, distortion and noise, as well as calibration can be performed simultaneously.
In this paper, we experimentally demonstrate MTF measurements for two self-developed endoscopic stereoscopic probes using the images of chessboard patterns, like for calibration procedure. We compare the results obtained using these systems at three working distances and theoretical dependencies calculated for these optical systems in optical design software Zemax.
Instruments and methods
We carried out MTFs estimation for two self-developed prism-based stereo endoscopic systems, which technical characteristics are presented in table 1. We further denote these systems as OS1 and OS2. The optical layouts of these systems are similar (figure 1). More information about the design of prism-based stereoscopic endoscopes may be found in [6] and [7] . The prism introduces significant aberrations, which can not be completely corrected by the lens system. These aberrations vary significantly across the field of view, so 9 field points in each channel were used for MTF assessment. The exact coordinates of these points are presented in table 2. MTF calculation for each image point was carried out in Zemax for three object distances (7, 15 and 40 mm from the protective glass, as shown in figure 1 ). The distances correspond to the boundaries and the middle of the working distance range of the system. The obtained data was exported from Zemax and then was processed in MATLAB. The setup shown in figure 2 was used to obtain experimental data. The glass plate with chromeetched chessboard pattern (2 mm chessboard cell size) was combined with white diffusing glass and illuminated from behind by a white-light source. Images of the test object were acquired at three distances of 7, 15 and 40 mm from the protective glass of the optical system for both endoscopes. MTF estimation was carried out in areas containing slanted high-contrast edges. The regions of estimation were chosen closely to the points used for MTF calculation in Zemax. Image processing and calculation of the MTF were performed according to the standard technique [5, 8] . For each region, a subpixel profile of the brightness difference on the boundary was constructed, then the Fourier transform of the derivative of the subpixel profile was calculated and normalized on the maximum value. An example of an image with highlighted points for MTF calculation in Zemax (green points) and areas for MTF estimation using image processing (red rectangles) is shown in figure 3 (here, we show the areas for measuring MTF in the vertical direction).
Figure 3.
The image of the test object with highlighted points for MTF calculation in Zemax (green points) and areas for MTF estimation using image processing (red rectangles). 
Results
We compared 2 calculated (in horizontal and vertical directions) and 2 experimental MTF curves as well as the values of spatial frequencies, at which the contrast values of 0.1 and 0.5 were achieved. The results are given in figures 5-7 and tables 4-6 for OS1 at three working distances. The results for OS2 are presented in figures 8-10 and tables 7-9.
The values in the tables are divided into the following subgroups: -Left and Right channel -the channel of the stereo image in which the MTF is estimated. -Level 0.5 and Level 0.1 -MTF levels necessary to define the key values of spatial frequencies.
-"Hor." and "Ver." -are horizontal and vertical directions respectively, used for MTF estimation. In order to draw conclusions about the summary quality of the optical system, it is sufficient to compare the figures for OS1 and OS2 at one of the working distances, for example, at 15 mm (figures 6 and 9 for OS1 and OS2, respectively). Figure 9 shows that the experimentally measured MTF differs from the Zemax calculated one by 2-4 times at levels of 0.5 and 0.1. It indicates that OS2 has serious assembly faults. Figure 6 shows the estimated MTF for different areas of the image obtained using OS1. It indicates that the ratio of spatial frequencies for estimated MTFs to spatial frequencies for calculated MTFs at levels of 0.5 and 0.1 is less than 1.5 times. The main reason of that is possible noise distortions, which are not taken into account when estimating the MTF. Therefore this value is acceptable for our solution.
Conclusion
In this article, the possibility of using the slanted edge algorithm of MTF measurement for a stereoscopic endoscopic system was considered. It is shown that three images of plane test object with chessboard pattern on different working distances and 9 points of calculation per channel is enough for MTF estimation. A comparison of the estimated MTF with the Zemax calculated ones made it possible to identify assembly faults for the two self-developed prism-based stereoscopic endoscopy systems.
Further work will be directed towards automating the process of the MTF estimation from an image of chessboard pattern and developing user-friendly software for simultaneous spatial calibration and estimation of image quality. Usage of the detection algorithm of nodal points, the description of which can be found in [9] , makes possible to select suitable areas for MTF measurements automatically. It allows us to build a map of the MTF values over the entire field of view. Capturing several images at the same position of the test object allows: 1. to evaluate the noise characteristics of the system and their impact on MTF measurements; Solution of the MTF estimating task allows us to create a universal user-friendly software that allows geometric calibration, measurement of distortion, MTF and noise characteristics. It will provide an opportunity to assess the quality of the operating system not only during assembly and adjustment, but also during the appraisal and working time of the device. Moreover, these procedures will make calibration and quality check available for users of the system without specialized personnel.
